ABSTRACT
INTRODUCTION
The mouse has emerged as an important model for studying the development and function of the insulin-producing pancreatic !-cells because of the relative ease of genetically modifying the mouse genome (7, 26) . This includes procedures for genetically tagging !-cells and !-cell progenitors with reporter genes such as fluorescent proteins (9, 12) . The fluorescent reporter transgenes can be used to monitor !-cell development as well as physiological and pathological changes in normal and disease states (10, 14, 25) . Moreover the availability of different colored fluorescent proteins makes it possible to mark different cell types simultaneously and to monitor their interactions.
The pancreas is a unique organ where the endocrine micro-organs are embedded in the exocrine tissue. Our current understanding of the structure of the pancreas is dominated by twodimensional analyses. The ability to visualize the spatial distribution of pancreatic cells (endocrine and exocrine) in situ and in three-dimensions could provide a better understanding of the overall organization of endocrine cells and the relationship between different structures in the pancreas.
Here we report a method for visualizing fluorescent protein-labeled pancreatic !-cells in intact pancreas. We show the overall spatial organization of !-cells and islets in the pancreas including their uneven distribution throughout the pancreas and their dynamic relationship with the large blood vessels. The three-dimensional reconstruction of !-cells in situ may provide new insights into !-cell development and migration, and also into the formation of islets.
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RESEARCH DESIGN AND METHODS
Mouse models. The generation and characterization of the MIP-GFP transgenic mice has been described (12) . We generated the MIP-RFP and MIP-CFP transgenic mice in a similar manner.
Briefly, the MIP-RFP and MIP-CFP transgenic constructs were assembled using a 8.3 kb fragment of the mouse insulin I promoter that includes a region from -8.3 kb to +12 bp (relative to the transcriptional start site), the coding region of DsRed.T4 (a rapidly maturing variant of Discosoma red FP; 0.7 kb) (1) or Cerulean (an improved variant of CFP; 0.7 kb) (22) , respectively, and the 2.1 kb human growth hormone gene cassette (hGH) (11, 20) The derivation of the neurogenin3 (Ngn3)-GFP mice is described in Lee et al. (17) . In these mice, the entire coding region of the Ngn3 gene has been replaced with enhanced GFP (Clontech). The heterozygous knock-in mice appear normal and were used exclusively in our studies. We crossed Ngn3-GFP and MIP-RFP mice. The age of the embryo was defined according to the standard convention. The day on which the vaginal plug was found was day 1 of pregnancy and at noon the embryos were 0.5 days postcoitum (dpc). The expression of both green and red fluorescent proteins in the fetal pancreas was confirmed visually under the dissection microscope. The parental lines were heterozygous for the knock-in allele or transgene and 1/4 of the offspring were expected to be Ngn3-GFP + and MIP-RFP Statistical analysis. Data are expressed as mean $ SEM. Differences were considered to be significant at P% 0.05.
RESULTS
Generation of transgenic mice with RFP-labeled pancreatic !-cells. RFP is an ideal reporter
for fluorescent imaging, in particular for multicolor experiments with fluorescent proteins such as GFP, because its shift toward longer wavelengths minimizes the overlap with the excitationemission curve of GFP. The wild-type Discosoma RFP (DsRed) has a slow maturation time with a half-time of >24 h at room temperature which is a hindrance for some types of experiments such as cell-lineage tracing. We used DsRed.T4 which matures rapidly with a half-time of ~0.7 h
(1). The MIP-RFP construct was injected into the fertilized eggs of CD-1 mice. We obtained ten founders, of which five showed detectable pancreatic expression of RFP: two females (lines 14 and 26) and three males (lines 22, 31 and 37). RFP was expressed in the islets of all five founders and expression levels were similar. The expression pattern within the pancreas was similar to that of our MIP-GFP mice (12) . We tested for expression of RFP in pancreas and other tissues at 6-wk of age by Western blotting (Online Supplement 1). We detected RFP expression only in pancreas and not in any of the other tissues examined: brain, heart, lung, liver, kidney, spleen, intestine, muscle, fat and testis. Expression of the MIP-RFP transgene appears to be specific to pancreatic !-cells. The MIP-RFP mice developed normally. At 6 wk of age, there were no differences in body weight and fasting blood glucose between transgenic and nontransgenic CD-1 male mice (24.0±0.9 (n= 12) and 23.8±1.0 (n=13) g; 147.8±8.4 and 155.8±7.8 mg/dL, respectively). Intraperitoneal glucose tolerance testing (IPGTT) at 6-wk showed no statistically significant difference in the response between transgenic and nontransgenic male animals (Online Supplement 2).
Generation of transgenic mice with CFP-labeled pancreatic !-cells. We used Cerulean, an improved CFP variant which has both a higher extinction coefficient, and an improved quantum yield, to generate MIP-CFP transgenic mice. Thus, Cerulean is 2.5-fold brighter than ECFP (22) .
The MIP-CFP construct was injected into the fertilized eggs of CD-1 mice. We obtained five It can also be excited by a standard 488 nm laser that allows the intrinsic autofluorescence from pancreatic tissue to be visualized. The fluorescent image was captured using the GFP-filter set so that the vasculature in the pancreas could be captured in the background (right panels of Fig. 3A-C ). The simultaneous visualization of the RFP-expressing !-cells and the pancreas shows that the !-cells are in the close proximity of the large blood vessels and there is a striking correlation of the distribution of !-cells and the vascular network. There appears to be more islets associated with large blood vessels, while small clusters of !-cells or small islets are found along the smaller blood vessels (Fig. 3C, arrows) . This close association between !-cells and blood vessels is also seen in adult MIP-GFP mice (Fig. 3D) where islets are present along the large blood vessels.
Imaging pancreatic development in tissues labeled with two fluorescent proteins. We examined endocrine cell development in Ngn3-GFP/MIP-RFP mice (Fig. 4) . In Ngn3-GFP knock-in mice, 90$6.2 % (n=3) of cells were co-expressing Ngn3 and GFP at E15.5 (See Discussion). The proendocrine Ngn3-GFP-expressing cells in the dorsal and ventral pancreas formed a branched structure. Ngn3-GFP is also strongly expressed in the duodenum in these animals (17) . (Fig. 5A Left) . There are small clusters of GFP-labeled !-cells along both the pancreatic and bile ducts (Fig. 5) . GFP-labeled cells are also found in association with both ducts in adult animals (up to 8 months of age studied). These !-cells appear not to be in the direct contact with the duct (arrow heads in Fig. 5C ) but are within a thin surrounding layer of adipose tissue, which is seen in old adult mice (>8-wk).
In the newborn pancreas, !-cells cluster into a contiguous mass. We captured images from the intact pancreas from a newborn MIP-GFP mouse using reflected light confocal imaging to visualize exocrine pancreatic structures including ducts and fluorescence imaging of GFP to visualize !-cells. Figure 6A shows a montage of optical sections from a top-down view of the pancreas. These data illustrates a !-cell mass that appears to be multiple islets around a duct (d in Fig. 6A ). In several optical sections, the islets are virtually all interconnected ( Fig. 6A; and Online Supplement, Video 3). Three-dimensional reconstruction of a stack of images shows that at this stage of development, !-cells form a contiguous mass completely surrounding the pancreatic duct ( Fig. 6B ; and Online Supplement, Video 4). One optical section from the threedimensional reconstruction that is shown in Fig. 6B clearly illustrates the duct within this !-cell mass ( Fig. 6C ; and Online Supplement, Video 5). In addition, single !-cells and small clusters of !-cells were also present (Fig. 6D) . A three-dimensional reconstruction of 38 sections (3 #m interval) suggests that these apparently isolated cells and clusters based on two-dimensional analysis may be interconnected -a train of !-cells and !-cell cluster not associated with islets ( Fig. 6 D, Right; and Online Supplement, Video 6). Fig. 6E shows another example of a large irregular shaped mass of !-cells embedded in the surrounding exocrine tissue ( Fig. 6E; and Online Supplement, Video 7) in the close proximity of the duct (Fig. 6F) . We rarely observed a single !-cell in the ductal epithelium ( Fig. 6F ; and Online Supplement, Video 8).
Quantification of GFP-expressing !-cell mass and number in intact pancreas. We determined the feasibility of automated quantitation of !-cell mass and number for each stack of images shown in Fig. 6D and 6E. GFP fluorescence was used for !-cell volume quantitation and the bulk tissue reflection images were used to account for the diffuse nature of the pancreas and tissue voids. In the (optical) tissue block of Fig. 6D , the exocrine pancreas was 48.3% of the total volume of the imaged tissue block. The number of !-cells was 86 which consisted of 3.0% of the total volume and 6.1% of the exocrine pancreas (reflected light image). In a block of tissue in Fig. 6E, 71 .8% was the exocrine pancreas and the volume of !-cell mass was 11.4%. The !-cells counted 248 and constituted 15.8% of the exocrine pancreas in this view. These data demonstrate that !-cell mass and numbers can be readily extracted from 3D optical volumes using freely available software.
DISCUSSION
Macroscopic view of !&cells in the entire pancreas. We have generated transgenic mice in which pancreatic !-cells are genetically tagged with GFP, RFP and CFP (Fig. 1) . The MIP-GFP mice have been used to study !-cell development and physiology (10, 14, 24, 25) and intrahepatic islet transplantation in mice (13) . The new lines of transgenic mice with RFP-and CFP-labeled !-cells described here broaden the availability of research tools to generate multicolored islets/pancreas. Using these lines of mice, we have shown macroscopic view of !-cell distribution in situ. We have confirmed observations mainly made by standard histological studies (2-4, 6, 15, 16, 19, 20, 23) in the intact pancreas and/or in a three-dimensional context; uneven distribution of !-cells (Fig. 2 ) and the close association of !-cells and the large blood vessels ( mass. The method we have employed here using fixed tissues represents a significant step forward and we anticipate that similar data will be obtained in fresh or live tissue using 2-photon confocal microscopy. 
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